Abstract. In this study, the protonation states of ionizable groups of human lactoferrin in various conformations were investigated theoretically, at physiological pH (7.365). These calculations show that the transition of the protein from a conformation to another one is accompanied by changes in the protonation state of specifi c amino acid residues. Analysis of the pK a calculatons underlined the importance of participation of two arginines and one lysine in the opening / closing of the protein. In addition, it was found that the mechanism of iron release depends on the protonation state of TYR-192. Protonated state of this residue in the closed form of lactoferrin will trigger the opening of protein and release of iron ions.
Introduction
Human lactoferrin is an iron-binding glycoprotein member of the transferrin family. This protein was fi rstly isolated from milk, where it was found in elevated concentrations. Later, according to Steijns and Hooijdonk [1] , this protein was identifi ed in various products of exocrine glands located in the gateways of respiratory, digestive and reproductive systems suggesting a role in the defense against invading pathogens.
The high affi nity of lactoferrin for iron determines a great part of its biochemical properties. Iron is an essential element for life and is used by microorganism to survive and replicate [2] . It is also a key element for many pathogenic microorganisms. The iron uptake by lactoferrin will make this element inaccessible for pathogenic microorganisms, preventing them from further development. In unbounded state, iron catalyses the reaction of formation of free radicals [3] . In a living organism, free radicals will generate many other harmful biochemical processes [4] . Thus, iron acquisition by lactoferrin has an indirect role in the protection of living organism from oxidative stress.
Lactoferrin molecules reversibly bind ferric ions and therefore they can be found in the iron-free form (apolactoferrin) and associated with iron ions (hololactoferrin). Apolactoferrin has an open conformation whilst hololactoferrin has a closed conformation (see Figure 1) . The position of carbonate and iron ions in the closed form are indicated. N-lobe structure is presented in ribbon, ferric ion is presented as van der Waals sphere and carbonate ion as sticks.
The X-ray crystallographic structure of this glycoprotein, 1B0L Protein Data Bank (PDB) code [5] , consists of a polypeptide chain of 691 amino acid residues. Its structure is folded in two globular lobes referred as N-(residues 1-333) and C-(residues 345-691) lobes connected with a short helical peptide chain (residue 334-344). Each lobe is further divided into domains (NI and NII and CI and CII). Both lobes are able to bind one ferric ion. The iron binding sites are similar in both lobes and among members of transferrin family. The coordination of a ferric ion is produced via one carboxylate oxygen, two phenolate oxygens and one imidazole nitrogen from one aspartate, two tyrosines and one histidine, respectively. Ferric ion is stabilized in the protein binding site through two oxygens from carbonate ion. X-ray high-resolution structures of lactoferrins [5] [6] [7] [8] [9] isolated from various species show a high degree of similarity, approximately 70% identity between their structures. And each of the family members has a high degree of internal similarity ~ 40% of sequence identity between N-lobe and C-lobe [10, 11] .
Experimental evidence [12] has shown that lactoferrin molecule binds tightly ferric ions and retains them until ~pH 3.0 this suggests that conformational changes induced by iron binding and release are pH sensitive processes. Thus, investigation of the titratable residues from the lactoferrin structure is an important step in the studies of the mechanistic aspects of iron binding and release by lactoferrin protein molecules. The goal of this study is to compare the protonation states of ionizable groups of human lactoferrin in various conformations at the same pH value. This should allow the identifi cation of the key residues from the protein structure involved in the process of iron-binding.
Methods and computational details
Structure and biochemical properties of proteins depend critically on the protonation state of ionizable groups of protein residues. Thus, various theoretical methods to determine ionization constants of residues in proteins through pK a calculations have been developed. In the present study, the pK a calculations were performed using H++ web server [13] [14] [15] . Bashford and Karplus [16] described the basic methodology that H++ relies upon. The method consists in pK a calculations for relevant ionizable groups in the system based on continuum electrostatic model within the framework of the Poisson Boltzmann model [17, 18] . According to the continuum electrostatic model, the protein is assumed to have a structure and is modeled as low dielectric region, which is embedded in a high dielectric region that represents the solvent. Atoms from the protein structure are considered as fi xed-point charges, which are used to represent the charge of amino acids. The mathematical model of this concept is presented elsewhere [19] .
The X-ray high-resolution crystallographic structures of open apolactoferrin and closed hololactoferrin were used as starting structures for the pK a calculations. These structures had the Protein Data Bank codes of 1LFH [20] determined at 2.80 Å resolution and 1B0L [5] determined at 2.20 Å resolution, respectively. All water molecules present in both PDB structure fi les were removed, according to the protocol for conducting computational experiments using H++ server [13] .
pK a calculations were conducted for typical physiological conditions, pH 7.365 and an ionic strength of 150 mM. Dielectric constants of 4.0 and 80.0 were used for protein and solvent (water), respectively. The PDB structures were initially protonated using AMBER force fi eld [21] assuming pH of 7.365. Protonation state of histidine was automatically deduced from the van der Waals and hydrogen bond pattern in crystal structure of lactoferrin.
Visual Molecular Dynamics Software (VMD) is a molecular visualization program for displaying, animating, and analyzing large biomolecular systems using 3-D graphics and built-in scripting [22] . The graphical representation depicted in Figure 1 was generated using VMD.
Results and discussion
Metal binding capacity of proteins is infl uenced by intramolecular electrostatic interactions. The electrostatic interactions within a protein molecule are induced by ionization (protonation) states of titratable groups of the amino acids present in the protein structure. The latter will depend on the group type, location within the protein molecule, ionization state of other titratable sites in the proximity and the pH and ionic strength of the surrounding solvent [13] . Investigation of the ionizable residues of human lactoferrin and determination of key residues that trigger the conformation changes during the iron binding and release were performed using pK a calculations. Table 1 summarizes the measured pK a values for the ionizable groups of human lactoferrin in four conformations at physiological pH. Only those residues for which there is a difference greater than one pK unit between any two of the models are listed in Table 1 .
The protonation probability x (see Eq. (1)) of an isolated amino acid site is algebraically equivalent to the Henderson-Hasselbalch (HH) equation [23, 24] which describes the sigmoidal standard titration curve:
In this case, pK a value is equal to the pH at which the protonation probability of the amino acid site is ½. Therefore, the so-called pK 1/2 values are often used to describe the titration behavior. The pK 1/2 values are not directly related to the free energy of the proton uptake and therefore in the case when titration curves are not monotonic these values can be ill-defi ned [23] . Lactoferrin polypeptide contains 691 amino acid residues and therefore most of the titration curves of its amino acid sites will have nonsigmoidal shapes because of the multitude of intramolecular interactions. For a better assessment of the protonation state of lactoferrin molecule in various conformations, the intrinsic pK a value was taken into account; this is the pK a value that a specifi c amino acid site would have if all other titratable sites were in the reference state.
Data have been collected for the open apo-form of human lactoferrin. For the comparison, the pK a values for the same groups measured in the closed apo-form (the holo-form with iron and carbonate ions removed), closed apo-form with iron ions only and holo-form (with both carbonate and iron ions). In the X-ray high-resolution crystallographic structure of open lactoferrin (1LFH PDB entry), only N-lobe is open whilst C-lobe is closed, therefore further only residues from the N-lobe will be discussed as they could provide the necessary information about the protein conformation changes.
ASP-60 has a lower pK a value in all closed conformations. According to the structural information from the PDB fi le, ASP-60 has a hydrogen bond with LYS-301 in the open conform, in the closed conformation this bond is missing, this might explain these pK a shifts (ΔpK a ).
At physiological pH tyrosines are deprotonated in the closed conformations except TYR-92, which has a relative stable protonation state in all conformations, and TYR-192 which is protonated in the closed conformations. TYR-192 has a lower pK a value in the open form and elevated pK a values in all closed conformations. This indicates that deprotonated TYR-192 will favor the iron binding whilst protonated TYR-192 state will trigger the iron release. Protonated state of TYR-192 in the closed models is mostly caused by interactions with the residue ASP-60. At physiological pH, amino acid HIS-253 was found to have low pK a values in all protein conformations. In all closed forms pK a value shifts downwards with 4 pK units. According to PDB structure fi les, protein closure creates an environment that induces a deprotonation of histidine through electrostatic interactions with the amino acids from its proximity.
LYS-301 also undergoes a pK a shift in the transition from the open to the closed form of lactoferrin, indicating that the side chains of this amino acid undergo electrostatic interactions with other amino acids in the proximity.
All arginine residues, ARG-121, ARG-133, ARG-171, ARG-258 have elevated pK a in the open form, and lower pK a in all closed conformations. In comparison to other arginines, ARG-121 and ARG-210 suffer great pK shifts (ΔpK a ≈4) in the transition from the open conformation to the closed at physiological pH, indicating on their importance in the process of iron binding. Figure 2 presents the plot of the total charge of the open and closed conformations of lactoferrin molecules as a function of pH. The curves present typical shapes characteristic to the proteins of the transferrin family. As it is depicted in Figure 2 , lactoferrin is a basic, positively charged protein with an isoelectric point of 9 .48 (open apo-form) and 9.78 (closed holo-form). Experimentally determined isoelectric point for human lactoferrin varies between 8.40 and 9.00 [25, 26] , this is in reasonable agreement with the computed values, confi rming the correctitude of the pK a calculations. 
Conclusions
Human lactoferrin reversibly binds ferric ions, involving conformation changes of the protein state. Due to large intramolecular interactions, transition of the protein from the open to the closed form is accompanied by changes in the protonation states of protein residues. A continuum electrostatic model within the framework of the Poisson Boltzmann model was applied to investigate the protonation state of the protein residues at physiological pH in various protein conformations. These calculations confi rm that the transition of the protein from a conformation to another is accompanied by changes in the protonation state of specifi c amino acid residues. In this sense, it was underlined the importance of participation of amino acids ARG-121, ARG-210, LYS-301 in the opening / closing of the protein. They also provided details about the mechanism of iron release, pointing on the importance of the protonation state of TYR-192. Protonated state of this residue in the closed form of lactoferrin will trigger the opening of protein and release of iron ions.
